
Applications of FLOW-3D
r to MEMS

(Multiphysics Capabilities)

1 Modeling Fluid Flow in Complicated
Microchannel or Chambers Using

FAVOR
TM

One of the unique features of FLOW-3D
r is the

FAVOR
TM advantage used to accurately represent

complex geometry in a rectangular Cartesian mesh.
The tedious work of generating a mesh for complex
geometry is avoided. Due to this advantage, FLOW-

3D
r can be used to simulate flow in complex mi-

crochannels accurately and efficiently. Figure 1 shows
a novel design of a microchannel with obliquely ori-
ented or staggered herringbone ridges on its bottom
wall to generate chaotic mixing of fluids (Stroock et
al., Science, 295, 647-651, 2002). Fluid flow and mix-
ing through this device can be easily simulated with
complicated geometry resolved using FAVOR

TM

. Fig-
ure 2 displays the secondary flow in two typical cross
sections along the channel axis of this device. The
predicted flow fields matches the experimental obser-
vations of Stroock et al. very well. For simulation of
two fluid mixing, FLOW-3D

r’s two-fluid model can
be used. Figure 3 shows one fluid fraction contours in
a two fluid mixture. Distributions in different cross
sections when two fluids entering from inlet 1 and in-
let 2 respectively are mixed in the channel shown in
Fig. 1. The upper left image represents the cross
section where two fluids first came into contact while
the lower right image reflects the cross section near
the channel exit.
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Figure 1: A three-dimensional microchannel with
grooved bottom wall

Figure 2: Velocity vectors at different cross sections;
upper: obliquely-oriented ridges; lower: staggered
herringbone ridges

Figure 3: Fluid fraction distribution at different cross
sections

2 Electrohydrodynamics (EHD pumps,
Actuators, Dielectrophoresis)

Electrohydrodynamics refers to fluid flow induced
by an electrical field. Transfer from electrical energy
to mechanical energy is indicated by a force acting on
the fluid. It is:
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where ρ is fluid density; ~E electrical field intensity;
ε fluid permittivity; ~P polarization vector; q charge
density. The first three terms on the right side of
above equation are called Coulomb force, Kevin po-
larization (or dielectrophoretic) force, and dielectric
force (or Korteweg-Helmholz) force respectively. The



fourth term is relevant only for a compressible mate-
rial and is usually ignored. Mechanisms of electrohy-
drodynamics are used and appear in various microde-
vices such as electrodynamic pumps (EHD pumps).
Fluid flow induced by dielectrophoretic force is called
dielectrophoresis (here called liquid dielectrophoresis
to distinguish it from the particle dielectrophoresis
described below). This force is fully accounted for
in FLOW-3D

r and can be activated along with all
other fluid flow options available in the code such as
one-fluid or two-fluid flow, with or without sharp in-
terfaces. Figure 4 shows a droplet movement in a
microdevice due to dielectrophoresis. A validation of
liquid dielectrophoresis is displayed in Figs. 5 and 6.
In Fig. 5, rise of liquid by polarization forces gener-
ated in a fringe field was simulated. The predicted
rising height of 0.0162 m fits with theoretical value of
0.0161 m very well. Rise of liquid between charged
plates angled 10o and dipped in a pool of liquid was
also simulated, where dielectrophoresis (force) is gen-
erated in a fringe field at bottom of plates. Surface
height of liquid varies inversely with radius squared.
The calculated fluid height and shape agree closely
with the theoretical prediction.

Figure 4: Movement of a drop due to dielectrophoresis
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Figure 5: Validation of liquid dielectrophoresis model

Figure 6: Validation of liquid dielectrophoresis

3 Modeling of Electrokinetic Phenomena

Electrokinetic phenomena usually refers to elec-
trophoresis and electroosmosis. Electrophoresis is the
movement of a charged surface (e.g., charged par-
ticles) relative to stationary liquid while electroos-
mosis is movement of fluid relative to a stationary
charged surface. Both processes are driven by an ex-
ternal electric field and have significant importance
in microtechnology. In particular, electroosmosis is
being extensively employed in BioMEMS (Lab-on-a-
chip) technology as a transporting mode to control
liquids through pumping, valving, mixing, splitting
etc. Electroosmosis is also used to deliver solute sam-
ples of nanovolumes in microfluidics used for chemical
and biological analysis and medical diagnoses. Figure
7 shows a 3-dimensional microchannel with its bot-
tom floor covered by patterned charge strips. The
electroosmotic flow of two fluids entering from inlets
1 and 2 respectively is simulated using FLOW-3D

r.
Figure 8 shows velocity vectors in a vertical slice along
the channel axis, while Fig. 9 displays the velocity
vectors in different channel cross sections. The color
in Fig. 9 indicates the distribution of one fluid frac-
tion in a two fluid mixture. The mixing created by
electroosmosis can be clearly observed.

4 Modeling of Joule Heating and
Electrothermal Effects

Even though electrokinetic means such as electroos-
mosis can be efficiently used in various microsystems,
a drawback is the internal heat generation (commonly
referred to as Joule heating). Joule heating is caused
by current flow through the buffer solution, which
makes it difficult to maintain the uniform and con-
trolled buffer temperatures that are important for
minimizing dispersion in electrokinetic separations in-
cluding temperature sensitive chemical reactions such
as DNA hybridization. Furthermore, temperature gra-
dients created by the high nonuniformity of the elec-
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Figure 7: Channel geometry

Figure 8: Velocity vectors in a longitudinal slice

Figure 9: Velocity vectors at different cross sections

tric field (and thus the power density) results in gra-
dients of conductivity and permitivity. The former
produces a free volume charge and the Coulomb force,
while the latter creates dielectric force. These two
forces cause the medium to flow, called electrother-
mal effect. Generally it is the ability to dissipate the
heat generated by an electrical field that limits the
strength of the applied electric field and thus the max-
imum flow rate. Understanding both Joule heating
and electrothermal effects is critical for the proper de-
sign of microdevices. FLOW-3D

r provides an useful
and robust tool to simulate these physical processes.
Figure 10 shows a geometry of a cell culture chamber
and images from a FLOW-3D

r simulation. This
simulation includes Joule heating, electrothermal ef-
fect, and particle dielectrophoresis.

5 Particle Models

A variety of particle models have been developed
and implemented in FLOW-3D

r, such as marker
particles and mass particles. Marker particles move
according to the local fluid velocity field and can be
used to display flow distributions. Mass particles rep-
resent real particles such as cells or other bioparticles.
In FLOW-3D

r, these particles are tracked in a La-
grangian frame including full coupling between parti-
cles and fluid. Various forces can be imposed on par-
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Figure 10: Cell culture chamber simulation; clockwise
from the upper right is shown: electrical potential
distribution in a plane 5µm above the chamber, tem-
perature distribution due to Joule heating, and cell
distribution

ticles to mimic different physical processes. For ex-
ample, a dielectric force imposed on particles located
in a nonuniform AC electrical field can be simulated.
This force is calculated by:

~FDEP = 2πεmr3
pR

[

ε∗p(ω)− ε∗m(ω)

ε∗p(ω) + 2ε
∗
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]
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where Erms, ε
∗

p, ε
∗

m, and ω are the root-mean square
magnitude of an imposed AC electric field, complex
permitivities of particle and medium, and the angular
frequency of electric field, respectively. R represents
the real part of a complex number. Particle movement
caused by this force is called particle dielectrophore-
sis. It has important applications in BioMEMS for
handling and manipulating microscale and nanoscale
bioparticles, including sorting, trapping, and separat-
ing of cells, viruses, bacteria, and DNA etc. Mod-
eling particle dielectrophoresis using FLOW-3D

r is
shown in Fig. 10.
In addition, if particle size is large compared to the

characteristic dimension in a simulation, such as mi-
crochannel diameter, FLOW-3D

r’s new fluid-structure
interaction capabilities can be activated to simulate
large particle’s moving and interacting with flows.
Figure 11 shows a simulation of particle (cell) di-
electrophoresis with particle volume displacement ac-
counted for.

6 Modeling of Phase Change (Thermal
bubbles, Ink jet design, Thermal
bubble pumps, and Actuators)

FLOW-3D
r has an unique model for simulating
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Figure 11: Particle dielectrophores with particle vol-
ume displacement considered

Figure 12: Bubble driven ink jet

phase change (evaporation and condensation). This
model has been widely used in the ink jet manufac-
turing industry to perform fast computations for va-
por bubble growth and collapse. Along with Tru-

VOF
r, a Volume of Fluid technique, and robust sur-

face tension capabilities, fluid flow, heat transfer be-
tween fluid/solid, liquid/vapor, and solid/vapor, solid/
solid co-occurring in bubble formation, growth and
collapse are all accurately simulated using FLOW-

3D
r. Fig. 12 shows a simulation of a thermal bub-

ble used in ink jet design. A small power source is
located in a notched section of the geometry to ini-
tiate a vapor bubble. The intention of the notched
section was to reduce the cavitation forces generated
as the bubble collapses.

In addition to ink jet applications, FLOW-3D
r’s

bubble model can also be used to simulate other mi-
crodevices which use microbubbles as actuators, valves,
and pumps. A sample simulation of vapor bubble mi-
cropump (described by Tsai and Lin, J. MEMS, 11,
665,2002) is shown in Fig. 13.

7 TruVOF
r and Surface Tension
Modeling

FLOW-3D
r is a world leader in free surface mod-

eling accuracy, featured by its TruVOF
r technique,
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Figure 13: Thermal bubble driven micropump

Figure 14: Movement of a drop in a microchannel due
to temperature dependent surface tension

as with the operation of modern, high-resolution ink
jet print heads and many other MEMS applications.
FLOW-3D

r’s accuracy reflects in its ability to ac-
count for contact angles accurately, temperature de-
pendent surface tension, and accurate tracking of free
surface. Figure 14 shows a droplet moving in a cap-
illary. The drop is moved by differentially heating
its two sides. This causes the changes in the surface
tension in the menisci on either side of the drop such
that the drop is pulled toward the cooler end of the
channel.

Contact us now !

Email: cfd@flow3d.com

Phone: 505 982-0088
Web: www.flow3d.com

683 Harkle Road, Ste. A
Santa Fe, NM 87505


